ABSTRACT
INTRODUCTION
The ASPRE trial has shown that, in pregnancies identified at 11-13 weeks' gestation by screening with maternal factors and biomarkers as being at high-risk for pre-eclampsia (PE), administration of aspirin (150 mg/day from 11-14 to 36 weeks' gestation) reduces the rate of early PE with delivery at < 32 weeks' gestation by about 90% and that of preterm PE with delivery at < 37 weeks by 60%; there was little evidence of a reduction in incidence of PE with delivery at term 1 . Secondary analyses of the ASPRE trial demonstrated that, first, the beneficial effect of aspirin depends on compliance and the reduction in incidence of preterm PE may be about 75% in those with compliance of ≥ 90% 2 , second, there is no heterogeneity in the aspirin effect in subgroups defined according to maternal characteristics, obstetric history and history of pre-existing medical conditions, except for chronic hypertension, for which aspirin may not be useful in the prevention of PE 3 , and, third, use of aspirin reduces the length of stay in the neonatal intensive care unit by about 70%, mainly due to a decrease in the rate of birth at < 32 weeks' gestation because of prevention of early PE 4 . Recent meta-analyses reported that aspirin reduces the risk of preterm PE by 67%, provided that the daily dose of the drug is ≥ 100 mg and gestational age at onset of therapy is ≤ 16 weeks 5 , and that aspirin at a dose of ≥ 100 mg initiated at ≤ 16 weeks, rather than > 16 weeks, may decrease the risk of placental abruption or antepartum hemorrhage 6 . The traditional approach to identify the group at high risk for PE that would benefit from prophylactic use of aspirin is based on risk factors from maternal demographic characteristics and medical history, but such an approach can identify only about 40% of preterm PE, at a false-positive rate (FPR) of 10% [7] [8] [9] . An alternative approach to screening for PE, which allows estimation of patient-specific risks of PE requiring delivery before a specified gestation, is to use Bayes' theorem to combine the prior distribution of gestational age at delivery with PE, obtained from maternal characteristics and medical history, with the results of various combinations of biophysical and biochemical measurements 8, 10, 11 . Extensive research in the last decade has led to the identification of four potentially useful biomarkers at 11-13 weeks' gestation: mean arterial pressure (MAP), uterine artery (UtA) pulsatility index (PI), serum pregnancy-associated plasma protein-A (PAPP-A) and serum placental growth factor (PlGF) 9, [12] [13] [14] . We then carried out prospective screening for PE by the combined test at 11 + 0 to 13 + 6 weeks' gestation in three multicenter studies 9, 12, 15 . The first study, which involved 35 948 pregnancies in two maternity hospitals in England, reported that the detection rate (DR) of preterm PE was 75% at a FPR of 10% 12 . The second study, which involved 8775 pregnancies in 12 maternity hospitals in England, Spain, Belgium, Italy and Greece, reported that the DR of preterm PE was 75% at a FPR of 10% 15 . The third study, which involved 16 747 pregnancies in seven maternity hospitals in England, reported that the DR of preterm PE was 82% at a screen-positive rate (SPR) of 10% 9 . In this study, we use the data from the three prospective screening studies, giving a combined total of 61 174 singleton pregnancies, including 1770 (2.9%) that developed PE 9, 12, 15 . The objective is to examine, in such a large population, the performance of screening for early, preterm and term PE by maternal factors and different combinations of biomarkers in the total population and in subgroups of nulliparous and parous women of Caucasian and Afro-Caribbean racial origin, and to recommend appropriate risk cut-offs for selecting the high-risk group that could benefit from prophylactic use of aspirin.
METHODS

Study population
The data for this study were derived from three previously reported prospective non-intervention screening studies at 11 + 0 to 13 + 6 weeks' gestation in a combined total of 61 174 singleton pregnancies, including 1770 (2.9%) that developed PE. Women with singleton pregnancies in the participating hospitals had a routine examination at 11 + 0 to 13 + 6 weeks' gestation. This visit included, first, recording of maternal characteristics and medical history 8 , second, measurement of left and right UtA-PI by transabdominal color Doppler ultrasound and calculation of mean UtA-PI 16 , third, measurement of MAP by validated automated devices and standardized protocol 17 , and, fourth, measurement of serum concentration of PlGF and PAPP-A (DELFIA ® Xpress system, PerkinElmer Life and Analytical Sciences, Waltham, USA or BRAHMS KRYPTOR analyzer, Thermo Fisher Scientific, Hennigsdorf, Germany). Gestational age was determined from fetal crown-rump length 18 . The women gave written informed consent to participate in the studies, which were approved by the relevant research ethics committee in each participating country.
The inclusion criteria were singleton pregnancy undergoing first-trimester combined screening for aneuploidy and subsequently delivering a phenotypically normal live birth or stillbirth at ≥ 24 weeks' gestation. We excluded pregnancies with aneuploidy and major fetal abnormalities and those ending in termination, miscarriage or fetal death before 24 weeks.
Outcome measures were early, preterm and term PE. Data on pregnancy outcome were collected from the hospital maternity records or the general medical practitioners of the women. The obstetric records of all women with pre-existing or pregnancy-associated hypertension were examined to determine if the condition was PE, as defined by the International Society for the Study of Hypertension in Pregnancy 19 .
Statistical analysis
Patient-specific risks of delivery with PE at < 37 weeks' gestation were calculated using the competing-risks model to combine the prior distribution of gestational age at delivery with PE, obtained from maternal characteristics and medical history, with multiples of the median (MoM) values of MAP, UtA-PI, PlGF and PAPP-A 8 .
The performance of screening in the total population and in subgroups of nulliparous and parous women of Afro-Caribbean and Caucasian racial origin were estimated. The original MoM equations [20] [21] [22] [23] have been updated and are reported in Appendix S1. The risk calculator is available freely at the website of The Fetal Medicine Foundation (FMF) (www.fetalmedicine.com).
The statistical software package R was used for data analyses 24 . The package pROC 25 was used for the receiver-operating characteristics (ROC) curve analysis.
RESULTS
Characteristics of study population
The characteristics of the study population are summarized in Table 1 
Distribution of biomarkers
MoM values of the biomarkers in the PE group and the fitted regression relationships with gestational age at delivery are shown in Figure 1 . All markers showed more separation at earlier than later gestations and this is reflected in their superior performance at detection of early than late PE. It is notable that the regression lines for UtA-PI and PAPP-A intersect 1 MoM close to term and, therefore, these biomarkers perform poorly in screening for late PE. Conversely, MAP shows a degree of separation from 1 MoM at term and the performance of MAP for term PE is relatively good.
Performance of screening for pre-eclampsia
The areas under the ROC curves and performance of screening for PE by maternal factors and biomarkers are given in Figure 2 and Tables 2-4. The best performance was achieved by a combination of maternal factors with MAP, UtA-PI and PlGF. Serum PAPP-A did not provide significant improvement to any combination of biomarkers which included serum PlGF.
In screening for PE, at a fixed SPR of 10%, the risk cut-off for a screen-positive result and DR varied according to the combination of biomarkers used for screening ( Table 2 ). For example, in screening by maternal factors, the risk cut-off was 1 in 62 and the DRs for early, preterm and term PE were 53%, 45% and 34%, respectively, whereas, in screening by a combination of maternal factors, MAP, UtA-PI and PlGF, the risk cut-off was 1 in 66 and the respective DRs were 90%, 75% and 41%.
When the risk cut-off for PE at < 37 weeks was fixed at 1 in 70 or 1 in 100, the SPR, DR and FPR varied with the combination of biomarkers used for screening (Table 3) . For example, in screening by maternal factors at a risk cut-off of 1 in 70, the SPR was about 12% and the DRs for early, preterm and term PE were 53%, 48% and 37%, respectively.
The performances of screening at fixed risk cut-offs of 1 in 70 and 1 in 100 for women of Caucasian and Afro-Caribbean racial origin are shown in Tables S1 and  S2 . In Caucasian women, in screening by maternal factors, MAP, UtA-PI and PlGF at a risk cut-off of 1 in 100, the SPR was 10% and DRs for early, preterm and term PE were 88%, 69% and 40%, respectively (Table S1 ). In screening by the same method and risk cut-off in women of Afro-Caribbean racial origin, the SPR was 34% and the DRs for early, preterm and term PE were 100%, 92% and 75%, respectively (Table S2 ). The DR and SPR of screening for preterm PE by a combination of maternal factors, MAP, UtA-PI and PlGF at various risk cut-offs from 1 in 20 to 1 in 250 in women of Caucasian and Afro-Caribbean racial origin are given in Table S3 ; the ROC curves were similar for the two racial groups, but, at the same risk cut-off, the DR and FPR were higher for women of Afro-Caribbean than Caucasian racial origin ( Figure S1 ).
Performance of screening for pre-eclampsia in subgroups
The performance of screening by maternal factors, MAP, UtA-PI and PlGF for nulliparous and parous women of Caucasian and Afro-Caribbean racial origin are given in Table 4 . At a risk cut-off for PE < 37 weeks of 1 in 100, the DR and FPR were higher in nulliparous than in parous women, in parous women with a history of pregnancy with PE than in those without such history, and in those of Afro-Caribbean in comparison to Caucasian racial origin. In all groups, the risk of being affected given a screen-positive result was considerably higher than the prevalence of the disease, whereas, in those with a screen-negative result, the risk was considerably reduced.
The lowest risk group was found to be Caucasian parous women with no history of PE, which comprised 34.7% (21 225/61 174) of the population and accounted for 12.8% (63/493) of cases of preterm PE. In this group of women, the DR for preterm PE was 54% and the SPR was 3.7%; in total, 624 tests would need to be performed for each true positive identified. The highest risk group, Afro-Caribbean women with history of PE, comprised 0.8% (493/61 174) of the population and accounted for 7.3% (36/493) of cases of preterm PE. In this highest-risk group, the DR for preterm PE was 100% and the FPR was 72.8%; in total, 14 tests would need to be performed for each true positive identified. 
Performance of screening by NICE and ACOG guidelines
The traditional approach to screening for PE is to identify risk factors from maternal demographic characteristics and medical history 7, 26 . According to the National Institute for Health and Care Excellence (NICE), in the UK, women should be considered to be at high risk of developing PE if they have any one high-risk factor (hypertensive disease in previous pregnancy, chronic hypertension, chronic renal disease, diabetes mellitus or autoimmune disease) or any two moderate-risk factors (nulliparity, age ≥ 40 years, body mass index (BMI) ≥ 35 kg/m 2 , family history of PE or interpregnancy interval > 10 years) 7 . In the USA, according to the American Congress of Obstetricians and Gynecologists (ACOG), women are at high risk of developing PE if they fulfill any of the following criteria: PE in previous pregnancy, chronic hypertension, chronic Data are given as n (%; 95% CI). AUC, area under the curve; MAP, mean arterial pressure; PAPP-A, pregnancy-associated plasma protein-A; PI, pulsatility index; PlGF, placental growth factor; UtA, uterine artery.
renal disease, diabetes mellitus, systemic lupus erythematosus or thrombophilia, nulliparity, age > 40 years, BMI ≥ 30 kg/m 2 , family history of PE, or conception by in-vitro fertilization 26 . In our study population of 61 174 pregnancies, the SPR according to NICE guidelines was 11.5% (n = 7032) and according to ACOG guidelines it was 66.1% (n = 40 465). 
Women with chronic hypertension
In the study population, 1.3% (n = 798) of women had chronic hypertension and, in this group, 19 (2.4%), 78 (9.8%) and 130 (16.3%) developed early, preterm and term PE, respectively. In the women with chronic hypertension, when screening by maternal factors, MAP, UtA-PI and PlGF at a risk cut-off of 1 in 100, the SPR was 82.5% and the DRs for early, preterm and term PE were 100%, 97.4% and 89.2%, respectively.
DISCUSSION
Selection of biomarkers
In pregnancies that develop PE, MoM values of UtA-PI and MAP at 11-13 weeks' gestation are increased and the values of serum PAPP-A and PlGF are decreased. For all biomarkers, the deviation from normal is greater for early rather than late PE and, therefore, the performance of screening is related inversely to the gestational age at which delivery becomes necessary for maternal and/or fetal indications. The best individual biomarker for preterm PE was PlGF, followed by UtA-PI and MAP and then PAPP-A, and the best performance was achieved by a combination of maternal factors, MAP, UtA-PI and serum PlGF; there was no further improvement in screening by the addition of PAPP-A. This study provides details on the performance of first-trimester screening for PE by all combinations of biomarkers. However, there are various levels of complexity and implications in terms of general applicability and costs for the various components of the combined test; the choice of which biomarkers should be used in a particular setting will depend ultimately, not only on the basis of performance, but also the feasibility of implementation and health economic considerations. Recording maternal characteristics and medical history, measurement of blood pressure and hospital attendance at 11-13 weeks' gestation for an ultrasound scan are an integral part of routine antenatal care in many countries. Measurement of UtA-PI can be carried out by the same sonographers and ultrasound machines as part of the 11-13-week scan which is performed routinely in many countries; however, the sonographers will require training to carry out this test and the measurement would add 2-3 min to the current 20-30 min used for the scan. Measurement of serum PAPP-A and quality assurance for such measurement are already in place in centers providing routine first-trimester combined screening for Down syndrome. Measurement of serum PlGF can be undertaken on the same sample and by the same machines as for PAPP-A, but at a marginally increased cost. Extensive research has established reference ranges for each biomarker, described the maternal characteristics that affect the measurements (Appendix S1) and developed the infrastructure for auditing of results. The software for estimation of patient-specific risk for PE by any combination of biomarkers is accessible freely (www.fetalmedicine.org).
Screening for term PE
The performance of screening at 11-13 weeks' gestation for term PE is poor and prophylactic use of aspirin does not reduce the incidence of term PE 1 . Screening for term PE is best performed at 35 + 0 to 36 + 6 weeks' gestation by a combination of maternal factors, MAP, PlGF and serum soluble fms-like tyrosine kinase-1, with a DR of 70% at a SPR of 10% 27 . The rationale for such late third-trimester screening is identification of a high-risk group that would benefit from close monitoring to minimize adverse perinatal events for those who develop PE, by determining the appropriate time and place for delivery.
Performance of screening for preterm PE
The objective of screening at 11-13 weeks' gestation is the identification of a group at high risk for early and preterm PE and the reduction of such risk, by 90% and 60%, respectively, through the prophylactic use of aspirin 1 . In our heterogeneous population, screening for PE by a combination of maternal factors, MAP, UtA-PI and serum PlGF at 11-13 weeks' gestation predicted 90% of early PE and 75% of preterm PE, at a fixed SPR of 10%. The performance of screening by our method is by far superior to that of the traditional methods recommended by NICE and ACOG; in screening according to NICE guidelines, the SPR was 12%, the DR of early PE was 46% and the DR of preterm PE was 42%, and the respective values in screening according to ACOG guidelines were 66%, 89% and 90%.
The study has highlighted that, in screening for PE at a fixed risk cut-off, the DR, SPR and FPR are influenced by the characteristics of the study population, which define the prior risk, and they are higher in nulliparous than in parous women and in those of Afro-Caribbean than Caucasian racial origin. In all groups, after combined screening, the risk of being affected given a screen-positive result was increased considerably and, if the screen result was negative, the risk was reduced considerably.
Selection of risk cut-off to define high-risk group
Randomized trials on the use of aspirin have reported that the drug is not associated with increased risk of adverse events and, in the case of abruption or antepartum hemorrhage, the risk may actually be reduced 6 . In this respect, it may be acceptable that, in screening for PE, the SPR could be about 15% or even higher so as to maximize the DR. This can be contrasted with traditional screening for Down syndrome in which the aim was to minimize the SPR because such a group would be subjected to the risk of miscarriage from an invasive test; with the advent of cell-free DNA testing, the SPR can be increased to maximize the DR.
In a Caucasian population, for risk cut-offs of 1 in 100 and 1 in 150, the respective SPRs are about 10% and 16%, the DRs for early PE are 88% and 94% and the DRs for preterm PE are 69% and 81%. It would therefore be reasonable, in screening for PE in a setting with a predominantly Caucasian population, to use a risk cut-off of 1 in 150 to define the high-risk group that would benefit from prophylactic use of aspirin. However, at such a risk cut-off, it should be anticipated that, for women of Afro-Caribbean racial origin, the SPR would be about 43% with DRs of early and preterm PE of 100% and 96%, respectively. This is an inevitable consequence of the fact that the prevalence of preterm PE is more than three times as high in women of Afro-Caribbean than Caucasian racial origin. This is analogous to screening for Down syndrome in which the risk cut-off is fixed and both the SPR and DR increase with increasing maternal age. It would therefore be inappropriate, in screening for preterm PE in a given country, to fix the SPR and define different risk cut-offs for women of different racial origins, because such practice would merely mask the increased risk for PE in certain racial groups.
Selective vs universal screening
In the early stages of clinical implementation of the first-trimester combined test for trisomy 21, in some countries, the test was offered to the whole population, but in others it was offered selectively to women who were aged ≥ 35 years, or selectively to women aged < 35 years while those ≥ 35 years were offered amniocentesis. However, it is now accepted that the best approach to screening is to offer the test to the whole population and then select the high-risk group in need of further investigations on the basis of the patient-specific risk derived from the combination of maternal age with a series of biomarkers, rather than use of arbitrary cut-offs of maternal age.
Similar discussions are likely to occur concerning the clinical implementation of the first-trimester combined test in screening for preterm PE. The best approach is universal screening of the whole population. We have demonstrated that, in women of Afro-Caribbean racial background and in those with a history of PE, there is a high prior risk for preterm PE. After combined screening, in some of these women the risk is increased substantially, whereas in others the risk is reduced substantially to below the background risk of the whole population. Similarly, we have reported previously that, in ACOG or NICE screen-positive women who are screen positive by the FMF algorithm, the incidence of preterm PE is increased substantially, whereas, in the FMF screen-negative group, the incidence is reduced to within or below background levels 28 . An alternative strategy would be to carry out contingent screening; the whole population undergoes primary screening by a combination of maternal factors and MAP and, on the basis of risk, a subgroup is selected for measurements of UtA-PI and PlGF 29 . The main advantage of such an approach is savings in required costs and resources. One option would be to apply the NICE or ACOG criteria to the primary screen, but the main disadvantage of this is that most cases of preterm PE would be missed because the performance of these criteria is very poor. Another strategy is to screen the whole population by the NICE or ACOG guidelines, consider the screen-positive group as being at high risk for PE and then offer the combined test to the screen-negative group to identify another high-risk group; such an approach is also irrational because it increases the FPR and fails to define the patient-specific risk and, therefore, appropriate pregnancy management in ACOG or NICE screen-positive women.
There is also an argument that, in screening studies, only nulliparous women should be included because in parous women the prevalence of PE is very low. However, as demonstrated in this study, parous women constituted about 50% of the population and contributed 45% of cases of preterm PE; 30% from parous women without a history of PE and 15% from parous women with PE in a previous pregnancy.
Patients with chronic hypertension
Chronic hypertension, found in 1-2% of pregnancies, is the strongest risk factor for PE compared with other factors in maternal demographic characteristics and medical history 8, 30 . A subgroup analysis of the ASPRE trial reported that there was no evidence of heterogeneity in the beneficial effect of aspirin in reducing the incidence of preterm PE in subgroups defined according to maternal age, BMI, racial origin, method of conception, smoking, family history of PE, obstetric history, and history of pre-existing medical conditions, except for chronic hypertension 3 . Therefore, in chronic hypertension, prophylactic use of aspirin may not be useful in the prevention of preterm PE. It is possible that aspirin reduces preterm PE by improving placentation and that, in chronic hypertension, preterm PE can develop in the absence of or in cases of less severe degree of impaired placentation 31 . The value of first-trimester screening for PE in pregnancies with chronic hypertension is, first, to determine the patient-specific risk and, on the basis of such risk, determine the intensity of subsequent monitoring during pregnancy, and, second, to investigate the potential value of therapeutic interventions other than aspirin, such as strict control of blood pressure or prophylactic use of pravastatin.
Strengths and limitations
The strengths of this first-trimester screening study for PE are, first, examination of a large population of pregnant women attending for routine care with a gestational age range which is used widely for assessment of risk for chromosomal abnormalities, second, recording of data on maternal characteristics and medical history to identify known risk factors associated with PE, third, use of specific methodology and appropriately trained doctors to measure UtA-PI and MAP, fourth, use of automated machines to provide accurate measurement within 40 min of sampling of maternal serum concentration of metabolites that have been shown to be altered in pregnancies associated with impaired placentation, fifth, expression of the values of the biomarkers as MoM after adjustment for factors that affect the measurements, and, sixth, use of Bayes' theorem to combine the prior risk from maternal factors with biomarkers to estimate patient-specific risks and the performance of screening for PE delivering at different stages of pregnancy.
The reported indices of performance of screening apply to the particular study population and comparison between studies requires the appropriate adjustments for the characteristics of the population under investigation. Similarly, in the application of screening in different countries, it is likely that adjustments would be necessary for the calculation of MoM values for the biomarkers.
Conclusions
Screening for preterm PE at 11-13 weeks' gestation identifies a group of pregnancies that would benefit from prophylactic use of aspirin. The performance of screening by a combination of maternal factors, MAP, UtA-PI and PlGF is by far superior to the traditional methods of screening based on maternal factors alone. Screening for preterm PE should be universal rather than selective and, in countries with a predominantly Caucasian population, it would be reasonable to use a risk cut-off of 1 in 150 to define the high-risk group for treatment with aspirin.
SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article:
Appendix S1 Formulae for calculation of multiples of the median values of biomarkers for pre-eclampsia at 11-13 weeks' gestation Table S1 Detection rate (DR) and false-positive rate (FPR) of PE at < 32, < 37 and ≥ 37 weeks' gestation, and screen-positive rate (SPR), in screening by maternal factors and biomarkers at risk cut-offs of ≥ 1 in 70 and ≥ 1 in 100 for PE at < 37 weeks in women of Caucasian racial origin Table S2 Detection rate (DR) and false-positive rate (FPR) of PE at < 32, < 37 and ≥ 37 weeks' gestation, and screen-positive rate (SPR), in screening by maternal factors and biomarkers at risk cut-offs of ≥ 1 in 70 and ≥ 1 in 100 for PE at < 37 weeks in women of Afro-Caribbean racial origin Table S3 Performance of screening for early and preterm PE by algorithm combining maternal factors, mean arterial pressure, uterine artery pulsatility index and placental growth factor at different risk cut-offs in women of Caucasian and Afro-Caribbean racial origin Figure S1 Receiver-operating characteristics curves for prediction of preterm PE by maternal factors, mean arterial pressure, uterine artery pulsatility index and placental growth factor in women of Caucasian (red) and Afro-Caribbean (black) racial origin. Areas under the curve are similar for the two racial groups (Caucasian: 0.903 (95% CI, 0.886-0.921); Afro-Caribbean: 0.910 (95% CI, 0.889-0.931)). However, at risk cut-off of 1 in 100, DR and FPR are higher in women of Afro-Caribbean (black circle) than Caucasian (red circle) racial origin.
